. In these cells, IFN regulatory factor-3 (IRF-3) undergoes a sequence of posttranslational modifications that allow it to act as a potent transcriptional coactivator of specific IFN genes, including IFN-␤. We investigated the mechanisms by which herpes simplex virus 1 (HSV-1) inhibits the production of IFN-␤ mediated by the IRF-3 signaling pathway. Here, we show that HSV-1 infection can block the accumulation of IFN-␤ triggered by Sendai virus (SeV) infection. Our results indicate that HSV-1 infection blocks the nuclear accumulation of activated IRF-3 but does not block the initial virus-induced phosphorylation of IRF-3. The former effect was at least partly mediated by increased turnover of IRF-3 in HSV-1-infected cells. Using mutant viruses, we determined that the immediate-early protein ICP0 was necessary for the inhibition of IRF-3 nuclear accumulation. Expression of ICP0 also had the ability to reduce IFN-␤ production induced by SeV infection. ICP0 has been shown previously to play a role in HSV-1 sensitivity to IFN and in the inhibition of antiviral gene production. However, we observed that an ICP0 mutant virus still retained the ability to inhibit the production of IFN-␤. These results argue that HSV-1 has multiple mechanisms to inhibit the production of IFN-␤, providing additional ways in which HSV-1 can block the IFN-mediated host response.
The innate immune response is a critical first line of defense against invading viral pathogens. One aspect of the innate immune response required for efficient reduction of virus spread is the production of cytokines, including interferons (IFNs), interleukins, and tumor necrosis factor (4) . Cellular recognition of virus infection, which can occur through a variety of mechanisms, including the detection of viral proteins (67) or double-stranded RNA (1) , has been shown to activate the expression of IFN-responsive genes by an IFN signalingindependent pathway; however, the IFN-independent mechanism triggered by viral infection results in the upregulation of a different spectrum of genes compared to those induced by IFN binding to its receptor (51) .
Certain of the cellular pathways activated in response to viral infection lead to the formation of a transcriptional complex composed of IFN regulatory factor-3 (IRF-3), the histone acetyltransferases p300/CREB-binding protein (CBP), and other cellular transcriptional cofactors such as AP-1, NF-B, and HMGI(Y) (68, 71, 72) . IRF-3 is a ubiquitously expressed protein that goes through a series of well-characterized posttranslational modifications in the process of associating with the IFN transcriptional complex. Inactive IRF-3 resides in the cytoplasm as a monomer with an intramolecular association between the C terminus and the internal DNA-binding domain (43) . Virus infection induces phosphorylation of the signal response domain located at the C terminus, thus exposing both the previously hidden DNA-binding domain and the IRF association domain (42, 75) . It has been reported recently that the IB kinase (IKK)-related kinases, IKKε and TANK-binding kinase 1, play a role in phosphorylating IRF-3 in response to at least some viral infections (19, 66) . Dimers that are formed from the interactions of exposed IRF association domains translocate to the nucleus and associate with the CBP/ p300 acetyltransferase. This association tethers IRF-3 to the nucleus and stimulates transcription of beta IFN (IFN-␤) and other antiviral genes through the binding of the complex to specific IFN-stimulated response elements (63, 71, 75) . After transcriptional activation, IRF-3 is degraded via the ubiquitinproteasome pathway (42) . The importance of IRF-3 in the IFN response to viral infection has been demonstrated in vivo as well as in vitro. Mice lacking IRF-3 show increased susceptibility to encephalomyocarditis virus infection (62) . Ribozymetargeted IRF-3 downregulation in cells has also been shown to inhibit the production of IFN after Sendai virus (SeV) infection (73) .
Many viruses have evolved efficient ways of subverting the host immune response by interfering with IRF-3 activity. Some viruses produce a protein that directly binds to and prevents the transactivation ability of IRF-3, including the E6 oncoprotein of human papillomavirus (59) and the NSP1 protein of rotavirus (21) . In addition, other viruses produce proteins that can interact with CBP/p300 and alter the interaction with IRF-3, e.g., the vIRF-1 protein of human herpesvirus 8 (7, 41) and the adenovirus E1A protein (10, 28) . Finally, some viral proteins, such as the VP35 protein of Ebola virus (2) and the hepatitis C virus NS3/4A serine protease (20) , directly interfere with the initial virus-induced phosphorylation and activation of IRF-3. Conversely, there are viruses that activate rather than inhibit the IRF-3 signaling pathway. Along with other members of the paramyxovirus family, SeV induces IFN-␤ production via an IRF-3-dependent pathway (42) . Recently, it has been reported that transfection of an expression plasmid encoding the SeV nucleocapsid protein (N) is sufficient to trigger the phosphorylation of IRF-3 (65) .
Herpes simplex virus 1 (HSV-1) is a common human pathogen that establishes life-long latent infections. Its productive infection transcriptional program follows a cascade of gene expression that initiates with immediate-early (IE) genes, followed by early (E) and finally late (L) genes. The VP16 virion protein stimulates the transcription of the five IE genes, ICP0, -4, -22, -27, and -47, shortly after the release of the viral genome into the nucleus (3, 9) . The expression of early genes and subsequent viral DNA synthesis is dependent on the expression of IE genes (26, 27) . Viral IE gene expression is decreased in cells in an antiviral state induced by pretreatment with IFNs (47, 53, 54) . In addition, in vivo IFN pretreatment has been shown to control the pathogenesis of HSV-1 infection in animal models (39, 40) . Exposure of cells to HSV-1 in the absence of viral protein synthesis can trigger the expression of IFN-responsive genes (48, 52, 57) , providing evidence that HSV-1 produces one or more proteins that inhibit the innate immune response. Previous reports with selected HSV-1 IE mutants have indicated that ICP0 is an essential component of IFN resistance (23, 49) . Furthermore, ICP0 is sufficient to inhibit the induction of IFN-responsive genes (17) . Recently, the RING finger domain of ICP0 has been shown to be essential for the inhibition of IRF-3-mediated activation of IFNresponsive genes (44) . However, in the absence of ICP0, HSV-1 is still able to inhibit the expression of the IFN-responsive gene ISG56, suggesting that more than one viral gene product may inhibit the innate immune response (48) .
HSV-1 infection is known to block the signaling effects of ␣/␤-IFNs by reversing the effects of the double-stranded RNAactivated protein kinase (24) and by blocking the phosphorylation of STAT1 and STAT2 (74) . However, little is known about the effect of HSV-1 on expression of ␣/␤-IFNs themselves. In the present study, we examined the effects of HSV-1 infection on IRF-3 activation and IRF-3-dependent IFN-␤ production induced by SeV infection. Coinfection of cells with HSV-1 inhibited the nuclear accumulation of IRF-3 and enhanced the degradation of activated IRF-3, thus interfering with the pathway leading to IFN-␤ production. HSV-1 blocked SeV-induced IFN-␤ production, as measured by mRNA accumulation and IFN-␤ secretion levels. ICP0 was found to be necessary for preventing IRF-3 nuclear accumulation. However, ICP0 was not required for the inhibition of SeV-induced IFN-␤ transcription. These results reveal that HSV-1 has multiple mechanisms to inhibit IFN-␤ production mediated by the IRF-3 pathway.
MATERIALS AND METHODS

Cells and viruses.
Human endometrial adenocarcinoma (HEC-1-B) and human glioma (M059J and M059K) cells were obtained from the American Type Culture Collection, Manassas, Va. (ATCC HTB-113, CRL-2366, and CRL-2365, respectively). HEC-1-B cells were grown as monolayer cultures in Dulbecco modified Eagle medium (DMEM; MediaTech, Herndon, Va.) supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml) in a humidified 5% CO 2 atmosphere at 37°C. M059J and M059K cells were maintained in a 1:1 ratio of Ham F-12-Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum.
The HSV-1 wild-type KOS virus strain was propagated and titrated as described previously (31, 37 Viral infections. HEC-1-B, M059J, and M059K cells were plated into six-well culture dishes 24 h prior to virus infection to get 90% confluence at the time of infection. Cells were infected with either wild-type or mutant HSV-1 virus strains at a multiplicity of infection of 20 PFU per cell in cold phosphate-buffered saline (PBS) containing 0.1% glucose and 1% heat-inactivated fetal bovine serum in the presence or absence of 50 g of cycloheximide (CHX; Sigma, St. Louis, Mo.)/ml. During coinfections, cells were simultaneously infected with 100 hemagglutination units of SeV/ml. After 1 h of adsorption at 37°C, cells were overlaid with Dulbecco modified Eagle medium containing 1% heat-inactivated fetal bovine serum. CHX was added at the time of infection and maintained until sample collection. Total RNA, protein, and/or medium were collected at various times after infection.
RNA extraction and RNase protection assays. Total RNA was extracted by using TRIzol reagent (Invitrogen, Carlsbad, Calif.) according to the manufacturer's protocol. Antisense RNA probes for IFN-␤ and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were generated from the hCK-3 multiprobe template set (BD Pharmingen, San Diego, Calif.). In vitro transcription was carried out by using the T7 polymerase and the MAXIscript in vitro transcription kit (Ambion, Austin, Tex.) with [␣-32 ]UTP as the radioactive nucleotide. RNase protection assays were carried out on 20 g of RNA per sample and 10 5 cpm of probe by using the protocol from the RPA III RNase protection kit (Ambion). Briefly, sample RNA and labeled probe were mixed, heated at 95°C for 2 to 3 min, and then hybridized overnight at 56°C. RNase digestion was carried out with a mix of RNase A and RNase T 1 at 30°C for 45 min. After RNase inactivation, the hybridized RNA was precipitated, centrifuged, air dried, and resuspended in running buffer. The protected fragments were separated on a 5%-8 M urea-1ϫ Tris-borate-EDTA gel. After being dried, the gel was exposed to film (Kodak X-Omat AR) for autoradiography.
ELISA. An enzyme-linked immunosorbent assay (ELISA) to quantify IFN-␤ was carried out on culture supernatants collected from infected cells at 5 h postinfection (hpi). Secreted IFN-␤ was measured with the human IFN-␤ (HuIFN-␤) ELISA kit (Fujirebio, Inc., Tokyo, Japan) according to the manufacturer's protocol. Briefly, different dilutions of collected cell supernatant, as well as a known IFN-␤ standard, were added to wells on a microplate that were coated with an anti-HuIFN-␤ antibody. After binding and washing, a second horseradish peroxidase-labeled monoclonal antibody against HuIFN-␤ was added to the wells. A color-developing reagent was then used to generate a product that can be quantified by spectrophotometric measurement. A calibration curve of the sample absorbance at 450 nm versus the concentration of HuIFN-␤ in the standards was used to find the concentration of HuIFN-␤ in each sample.
Immunofluorescence. The anti-IRF-3 mouse monoclonal antibody (SL-12.1) was obtained from BD Pharmingen and used at a 1:100 dilution in PBS. Rabbit anti-ICP8 antiserum 3-83 (30) was used at a 1:200 dilution in PBS. For indirect immunofluorescence, HEC-1-B monolayers were fixed for 15 min in PBS with 3.7% formaldehyde and permeabilized for 2 min with ice-cold methanol. Rhodamine-conjugated goat anti-mouse and fluorescein-conjugated goat anti-rabbit secondary antibodies were used at a 1:200 dilution. Coverslips were mounted on slides in ProLong antifade agent (Molecular Probes, Eugene, Oreg.). Images were obtained with a Hamamatsu digital camera (C4742-95) by using OpenLab software (version 3.1.2; Improvision, Lexington, Mass.) and a Zeiss Axioplan 2 microscope.
Western blot analyses. HEC-1-B cells were harvested at various time points postinfection by scraping into the medium. After two washes in cold PBS, cells from each well were incubated on ice for 30 min in lysis buffer containing 20 mM Tris-acetate (pH 7.9), 1 mM EDTA, 5% glycerol, 1 mM dithiothreitol, 0.12 M potassium acetate, 0.1% Nonidet P-40, 10 mM ␤-glycerophosphate, 5 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 2 mM TLCK (N␣-p-tosyl-L-lysine chloromethyl ketone; Sigma, St. Louis, Mo.), and one tablet of Complete protease inhibitor cocktail (Roche Molecular Biochemicals)/10 ml. The cell lysate was clarified by centrifugation at 10,000 ϫ g at 4°C for 15 min. The proteins were dissolved in gel sample buffer (31) 
RESULTS
HSV-1 coinfection inhibits SeV-induced IFN-␤ production.
To examine the effect of HSV-1 on induction of IFN-␤, we tested the ability of HSV-1 to inhibit IFN production induced by SeV. The cells that we used in our study, HEC-1-B cells, are deficient for a functional IFN-␣/␤ receptor (70); thus, secreted IFNs cannot activate alternate signaling pathways from the IFN-␣/␤ receptor that would lead to the increased production of IFNs and other IFN-responsive genes. The use of HEC-1-B cells assured that the IFN-␤ we measured was produced as a result of activation of the IRF-3 signaling pathway.
We examined the effects of HSV-1 infection on the SeVinduced IFN-␤ production by measuring levels of IFN-␤ mRNA and secreted protein. SeV infection induced IFN-␤ mRNA (Fig. 1A , lane 2) and protein (Fig. 1B) , but HSV-1 infection did not induce IFN-␤ mRNA (Fig. 1A, lane 3) or protein (Fig. 1B) . Coinfection with HSV-1 and SeV blocked SeV induction of IFN-␤ mRNA (Fig. 1A, lane 4) and protein (Fig. 1B) . HSV-1 infection in the presence of CHX did not result in IFN-␤ mRNA production (Fig. 1A, lane 7) . Rather, CHX blocked most of the inhibitory activity of HSV-1 (Fig.   1A, lane 8) . We concluded from these data that HSV-1 blocked SeV-induced IFN-␤ production and that one or more proteins expressed early after infection were responsible. The addition of CHX to inhibit protein synthesis did not reduce the ability of SeV to induce IFN-␤ mRNA but rather increased the amount of mRNA accumulated (Fig. 1A, lane 6) . Thus, consistent with previous results (65) , SeV induction of IFN-␤ does not require de novo protein synthesis and appears to be activated by a virion component. The hyperinduction of IFN-␤ in SeV-infected cells in the presence of CHX could be attributed to SeV producing a protein that inhibits the innate response (56) or to the inhibition of the production of a cellular factor that may downregulate the IRF-3 response.
IFN production and accumulation requires the activation of IRF-3 by cellular recognition of SeV infection. It was possible that HSV-1 prevented SeV-induced IRF-3 activation by blocking the cellular recognition, either binding or entry, of SeV as opposed to blocking the IRF-3 signaling pathway itself. To determine whether SeV was binding and/or entering HSV-1-infected cells, we measured the amount of cell-associated SeV protein in the presence or absence of HSV-1 by using a polyclonal SeV antiserum. No difference in SeV protein levels was observed in HSV-1 coinfected versus SeV-infected cells (results not shown); thus, HSV-1 did not inhibit SeV entry. Due to the fact that the presence of the SeV N protein was shown to be sufficient to promote IRF-3 activation (65) and that HSV-1 was not blocking the binding or entry of SeV into the cells, we concluded that SeV was still activating the IRF-3 pathway. Hence, HSV-1 inhibited IFN-␤ production at a step subsequent to the activation of the IRF-3 signaling pathway. HSV-1 infection inhibits IRF-3 nuclear accumulation. HSV-1 infection has been shown to inhibit the activation of IRF-3 in certain cell lines (57) . Electrophoretic mobility shift assays were used to demonstrate that HSV-1 prevents the complex involving IRF-3 from binding to its specific promoter sequence. We sought to determine how HSV-1 infection was preventing the IRF-3-dependent IFN-␤ production in our SeV coinfection system. Accumulation of IRF-3 in the nucleus is necessary for efficient transcriptional activation. SeV infection of HEC-1-B cells has been shown previously to result in the nuclear accumulation of IRF-3, as observed by immunofluorescence (71) . We observed that HEC-1-B cells infected with SeV alone (Fig. 2B) showed an increase in nuclear IRF-3 by 6 hpi. The apparent increase in staining when IRF-3 was nuclear is consistent with other results (not shown), indicating the SL-12.1 antibody binds more effectively to the activated form of IRF-3. We counted the number of cells with nuclear IRF-3 and determined that ca. 84% of the SeV-infected cells showed nuclear IRF-3 (Fig. 2E) . HSV-1 coinfection resulted in a decrease in the number of cells with nuclear IRF-3 ( Fig. 2D and E) . These data suggested that HSV-1 infection blocked the nuclear accumulation of IRF-3 induced by SeV infection. Consistent with our observation that HSV-1 did not induce an antiviral state in HEC-1-B cells, we found that HSV-1 infection alone did not result in IRF-3 nuclear accumulation, as detected by immunofluorescence (Fig. 2C) .
HSV-1 infection promotes degradation of activated IRF-3. Inhibition of nuclear accumulation could be accomplished by at least two mechanisms: inhibition of IRF-3 phosphorylation, which would prevent nuclear entry, or the promotion of increased nuclear export and degradation. After the induction of IFN-␤ and IFN-responsive genes, the IRF-3 transcriptional complex disassociates, and IRF-3 is exported from the nucleus to be degraded in a proteasome-dependent manner (42) . To investigate how HSV-1 prevented nuclear accumulation, we determined the effect of HSV-1 on levels and modifications of IRF-3.
We examined IRF-3 levels and modifications at several times postinfection. Phosphorylation causes decreased mobility of the IRF-3 protein on SDS-PAGE gels (42) . At 2 hpi, decreased IRF-3 mobility was observed in cells infected with SeV (Fig. 3A, lane 3) . Coinfection with HSV-1 did not prevent the appearance of the slower-migrating phosphorylated form of IRF-3 (Fig. 3A, lane 4) ; therefore, it did not appear that HSV-1 blocked the SeV-induced phosphorylation of IRF-3. After quantification of the IRF-3 bands, it appeared that SeV infection slightly increased the level of immunoreactive IRF-3 at 2 hpi compared to IRF-3 levels at time zero (Fig. 3B) . This observation could be the result of the monoclonal antibody used in the present study (SL-12.1) having a higher affinity for the activated form of IRF-3 compared to the nonactivated form (results not shown).
Infection of cells with SeV alone led to the activation of
FIG. 2. Inhibition of IRF-3 nuclear accumulation in cells infected with HSV-1. Cells were mock infected (A) or infected with SeV (B), HSV-1 (C), or a combination of the two viruses (D)
. Indirect immunofluorescence was used to determine the localization of IRF-3 at 6 hpi. After fixation, the cells were incubated with the monoclonal SL12.1 antibody to IRF-3, followed by a secondary rhodamine-conjugated anti-mouse immunoglobulin G (IgG). Image exposure time for IRF-3 was set by using the SeV-infected cells and was not changed in the other samples. IRF-3 and its subsequent degradation over an 8-h time period (Fig. 3A) . Infection with HSV-1 alone led to no activation of IRF-3, in agreement with our immunofluorescence data, and therefore no change in protein levels over time (results not shown). However, when cells were coinfected with HSV-1 and SeV, there was a significant reduction in the levels of immunoreactive IRF-3 protein present at all time points postinfection (Fig. 3B) . Thus, at least part of the decreased nuclear IRF-3 in HSV-1-coinfected cells as seen by immunofluorescence was due to turnover of IRF-3. This increased turnover occurred only in SeV-coinfected cells and may be due to instability of the nuclear, activated IRF-3. ICP0 mutants fail to inhibit IRF-3 nuclear accumulation. We utilized a panel of HSV-1 mutants (Table 1) to determine whether any specific IE gene products were required to inhibit IRF-3 nuclear accumulation. Consistent with our experiments showing that HEC-1-B cells cannot respond to HSV-1 infection, none of the IE mutants tested were able to induce IRF-3 activation as measured by phosphorylation of IRF-3 or nuclear accumulation (results not shown). When coinfected with SeV, all of the mutants tested, except for the n212 ICP0 mutant, blocked the nuclear accumulation of activated IRF-3 (Fig. 4A) . To show that the phenotype was due to the ICP0 gene mutation, we tested another ICP0-mutant virus, 7134, along with the rescued strain 7134R. The 7134 virus was unable to prevent the nuclear accumulation of IRF-3 (Fig. 4B) , whereas inhibition was still seen with the 7134R virus (Fig. 4D) . Interestingly, the nuclear IRF-3 present in cells coinfected with SeV and an ICP0 mutant colocalized with HSV-1 replication compartments, as seen by costaining with ICP8 ( Fig. 4B and C) . Thus, ICP0 was required for the inhibition of IRF-3 nuclear accumulation. Having shown that ICP0 was required for HSV-1 to inhibit the nuclear accumulation of IRF-3, we investigated the requirement for ICP0 in promoting the degradation of activated IRF-3 (Fig. 4F) . At all times postinfection, IRF-3 levels were decreased in cells coinfected with HSV-1 and SeV (Fig. 4G) . However, we observed no accelerated IRF-3 degradation in cells coinfected with the ICP0 mutant virus 7134 (Fig. 4G) . From these data we concluded that ICP0 was necessary for HSV-1 to promote increased degradation of IRF-3.
ICP0 is sufficient to block IRF-3 nuclear accumulation. To determine whether ICP0 expressed in the absence of other IE genes was sufficient to inhibit the nuclear accumulation of IRF-3, we infected cells with the HSV-1 d106 or d109 mutant virus. The d106 mutant does not express functional ICP4, -22, -27, or -47 but still expresses ICP0 (61). The d109 virus is similar to d106 but does not express any of the IE genes (including ICP0) during infection. Infection of cells with d106 causes several effects attributed to ICP0, such as disruption of nuclear structures, degradation of cellular proteins, and alteration of cell cycle regulators (25, 61) . Similar to wild-type HSV-1 infection, infection of cells with d106 blocked SeVinduced IRF-3 nuclear accumulation (Fig. 5A) . Infection with the d109 virus did not block nuclear accumulation of IRF-3 (Fig. 5A) ; thus, expression of ICP0 was sufficient to block IRF-3 nuclear accumulation.
We also examined the ability of the d106 virus to promote the degradation of activated IRF-3. Again, d106 behaved like wild-type HSV-1 with regard to promoting the degradation of activated IRF-3 (Fig. 5B, lane 4) . In contrast, the d109 mutant did not reduce the levels of activated IRF-3 (Fig. 5B, lane 5) . This suggested that ICP0 is sufficient to disrupt SeV-induced IRF-3 signaling.
HSV-1 can inhibit IFN-␤ production in the absence of ICP0. To determine the role of HSV-1 IE proteins in the inhibition of IFN-␤ expression, IFN-␤ mRNA accumulation and protein secretion were measured after SeV coinfection with different HSV-1 mutant viruses. All of the single HSV-1 IE mutants tested blocked the SeV-induced IFN-␤ production (Fig. 6A,  lanes 5 to 8, and B) . Most importantly, coinfection with the ICP0 mutant 7134 resulted in an inhibition of IFN-␤ production (Fig. 6A, lane 5) . We have observed that in cells coinfected with SeV and the 7134 virus IRF-3 was activated, followed by nuclear accumulation and decreased turnover (Fig.  4) . However, in these cells, nuclear IRF-3 was not sufficient for enhancement of IFN-␤ transcription.
To confirm the inhibitory activity of ICP0, we coinfected cells with SeV and the d106 or d109 mutant viruses. Infection with the d109 virus resulted in a slight inhibition of IFN-␤ production (Fig. 6A, lane 10, and B) . Because the d109 virus does not express any HSV-1 proteins, the slight inhibition seen could have been due to the presence of a tegument protein, such as the virion host shutoff (vhs) protein, that causes mRNA degradation in a nonspecific manner (34, 35, 64) . Infection of cells with SeV and d106 resulted in a larger decrease in IFN-␤ production (Fig. 6A, lane 9, and B) , suggesting that ICP0 expression and the resulting inhibition of IRF-3 nuclear accumulation played a role in inhibiting IFN-␤ production. However, these data also argued that HSV-1 has another ICP0-independent mechanism by which to inhibit transcription of IFN-␤ that occurs at a step downstream of IRF-3 nuclear accumulation.
DNA-PK is not required for efficient SeV-induced IFN production. Because the nuclear DNA-dependent protein kinase (DNA-PK) has been reported to be required for the efficient nuclear accumulation of IRF-3 (29) and ICP0 causes the degradation of the DNA-PK catalytic subunit (DNA-PKcs) (38, 55), we hypothesized that the effect of ICP0 in blocking IRF-3 accumulation and its subsequent reduction in the production of IFN-␤ was exerted by the degradation of DNA-PKcs. We tested the ability of a DNA-PKcs deficient cell line (M059J), along with a control cell line (M059K), to produce IFN-␤ in response to SeV infection. There was no noticeable difference between the levels of IFN-␤ mRNA produced after SeV infection in DNA-PKcs-deficient ( Fig. 7 lane 2) and control (Fig.   FIG. 5 . Infection with d106 inhibits the activation of IRF-3. (A) The d106 and d109 viruses were tested for their ability to inhibit IRF-3 nuclear accumulation. Cells were infected with SeV alone or a combination of SeV and HSV-1 viruses. Indirect immunofluorescence was used to determine the localization of IRF-3 at 6 hpi, and the percentages of cells staining positive for IRF-3 nuclear accumulation are shown. (B) Degradation of IRF-3 is enhanced in the presence of d106. A Western blot shows total levels of IRF-3 at 5 hpi. Proteins in cell lysates were separated by SDS-PAGE and detected with anti-IRF-3 antibody SL-12.1 (1:750 dilution). Combined IRF-3 bands were scanned, and the intensity was quantified by computer analysis. The amount of IRF-3 was normalized to the amount present in the mockinfected samples.
7, lane 4) cells. If DNA-PKcs were required for efficient IFN-␤ production, we would have expected to see a significant reduction in IFN-␤ production in the MO59J cells. Therefore, we believe that the mechanism by which ICP0 inhibits IFN-␤ production is not dependent on the amount or activity of DNA-PK.
DISCUSSION
In this study we examined how HSV-1 infection affects SeVinduced IRF-3 activation and IFN-␤ expression. We propose that there are multiple mechanisms that HSV-1 uses to attenuate this host innate immune response. Our results show that the ICP0 IE protein by itself can reduce the efficient production of IFN-␤ induced by SeV, while at the same time HSV-1 viruses lacking ICP0 are still able to inhibit the production of IFN-␤. HEC-1-B cells, which are defective for IFN-␣/␤ signaling (71) , allowed us to focus on how HSV-1 prevented the efficient activation of the antiviral response mediated by the IRF-3 pathway.
Other studies have examined the effects of HSV-1 infection on the activation of the IRF-3 pathway. Preston et al. (57) demonstrated that HSV-1 inhibits the activation of IRF-3, although in a cell-type dependent manner. The basis for this cell-type specificity has not been identified. In the HEC-1-B cell line we observed that HSV-1 cannot activate an antiviral response even in the absence of viral gene expression. A more recent publication has demonstrated that the ICP0 RING finger domain can inhibit the IRF-3 pathway in a proteasomedependent manner (44) . It is important to note that our study uses a different cell line as well as a different stimulus for IRF-3 activation. Although the precise mechanism by which HSV-1 inhibits IRF-3 activity remains to be determined, our results demonstrate that HSV-1 prevents the nuclear accumulation of IRF-3, with a parallel increase in cellular degradation. This does not exclude a possible increase in the nuclear export of IRF-3 as well.
ICP0 inhibits IRF-3 nuclear accumulation. Considering the rapid kinetics with which HSV-1 inhibits the nuclear accumulation of activated IRF-3 and the requirement of protein synthesis for HSV-1 to completely inhibit IFN-␤ production, we investigated whether IE proteins of HSV-1 are required for inhibition of IRF-3 activation. Tegument proteins, such as the vhs protein, may play a role in decreasing IFN-␤ production (34, 35, 64) but are not sufficient to inhibit this response because without protein synthesis HSV-1 did not inhibit IRF-3 nuclear accumulation (data not shown) or IFN-␤ transcription induced by SeV. Using mutant viruses, we attributed the inhibitory activity to the IE protein ICP0. As previously stated, ICP0 is known to play a role in the inhibition of the host cell immune response and the inhibition of the induction of IFNresponsive genes during HSV-1 infection (17, 44) . In addition, the presence of ICP0 increases the replication efficiency of HSV-1 in IFN-treated cells (23, 49) . Our data show that one possible mechanism of ICP0 inhibition is the blocking of IRF-3 nuclear accumulation. The ability to prevent IRF-3 nuclear accumulation is not exclusive to HSV-1, because other viruses have been shown to inhibit the nuclear accumulation of IRF-3. The NS1 and NS2 proteins of bovine respiratory syncytial virus (5), theVP35 protein of Ebola virus (2) , and the NS3/4A protease of hepatitis C virus (20) have all been shown to prevent IRF-3 nuclear accumulation. For these viruses the viral proteins prevent the initial phosphorylation of IRF-3, thereby preventing all downstream effects, such as dimerization and nuclear accumulation. However, unlike these viruses, HSV-1 appears to inhibit nuclear accumulation without preventing the initial phosphorylation of IRF-3.
Mechanism of ICP0 action. We investigated possible mechanisms by which ICP0 could inhibit IRF-3 nuclear accumulation and IFN-␤ production. ICP0 has E3 ubiquitin ligase activity, which can target specific cellular proteins for degradation (6, 22, 69) , and a downstream effect of the loss of one of these proteins may result in the inhibition of IFN-␤ production by the cell. ICP0 causes the degradation of the catalytic subunit of the nuclear DNA-dependent protein kinase (DNA-PKcs) (38, 55) , a protein that has been previously implicated to play a role in the innate immune response (15) . DNA-PKcs phosphorylates activated IRF-3 after SeV infection (29) and, in the absence of DNA-PKcs (MO59J cells), activated IRF-3 does not accumulate in the nucleus and is rapidly degraded. Because these effects are similar to those observed after infection with HSV-1, we investigated whether the ability of ICP0 to degrade DNA-PKcs plays a role in the inhibition of IFN-␤ production. With a cell line deficient for DNA-PKcs (MO59J) we observed IFN-␤ production after SeV infection, suggesting that DNA-PKcs is not required for efficient IFN-␤ production. We conclude that an ICP0-induced loss of DNAPKcs is not a likely cause of the observed inhibition of IFN-␤ production, contrary to our initial hypothesis.
Additional experimentation is necessary to better define the mechanism by which ICP0 inhibits the nuclear accumulation of IRF-3. Promyelocytic leukemia protein (PML) and Sp100 are two potential proteins that may be involved in this ICP0 mechanism. The destruction of these proteins has been linked to the disruption of the cellular bodies known as nuclear domain 10 (ND10) (12, 18, 50) . The exact roles that ND10 domains play in a cell are unclear; however, they have been linked to the antiviral IFN response. Pretreatment of cells with IFNs increases the size and number of ND10 domains by upregulating the expression of PML (13, 36) . Overexpression of PML has an inhibitory effect on the replication of viruses such as vesicular stomatitis virus and influenza virus (14) , although a recent study argued that overexpression of PML has no effect on the replication of HSV-1 (45) . On the other hand, studies with PML-deficient cells suggest that PML may play a role in inhibition of HSV-1 replication during an IFN-induced antiviral state (11) . We are currently investigating the potential roles of PML destruction and ND10 disruption in the mechanism by which HSV-1 ICP0 prevents IRF-3 nuclear accumulation and IFN production.
HSV-1 inhibits IFN-␤ production by multiple mechanisms. It has been observed previously that HSV-1 infection inhibits the production of IFN-responsive genes. To determine whether any single IE gene product was responsible for the inhibition, Mossman et al. (48) used a panel of IE gene mutants. All of the IE mutants were able to inhibit the expression of ISG56, an IFN-responsive gene. To date, genetic studies have not attributed any single IE gene to the ability of HSV-1 to inhibit the innate immune response. Our studies confirm these negative findings, as well as demonstrate that ICP0 alone can inhibit the virus-induced innate immune response. The d106 virus, which makes ICP0 and no other IE proteins, can inhibit the expression of ISG54, another IFN-responsive gene (17) . In contrast, similar experiments done with the d109 virus reported no inhibition of IFN-responsive gene production. We obtained similar results by looking at the ability of these two viruses to inhibit the SeV-induced production of IFN-␤. We conclude that one of the mechanisms by which HSV-1 inhibits the innate immune response is dependent on the expression of ICP0.
HSV-1 has at least one additional mechanism to inhibit IFN-␤ production. In cells infected with an ICP0 mutant virus, IRF-3 becomes activated and accumulates in the nucleus, but we did not detect any IFN-␤ mRNA production. Viral promotion of IRF-3 nuclear accumulation without the resulting IFN-␤ production has also been observed in the presence of the bunya virus NSs nonstructural protein (32) . Given that NSs does not inhibit IRF-3 activation (dimerization and nuclear translocation) and yet is able to inhibit the transcription of genes known to be upregulated after IRF-3 activation, we hypothesize that these viruses can inhibit transcription of IFN-␤ by altering IRF-3 and CBP/p300 interaction or activity.
Overall, these results help us to understand the mechanisms by which HSV-1 inhibits one aspect of the innate immune response. Using the SeV coinfection system, we determined that ICP0 is required for the inhibition of IRF-3 nuclear accumulation. The most likely result of this inhibition is the observed downregulation of IFN-␤ transcription. However, ICP0 is not essential for the efficient inhibition of IFN production. We demonstrate that even if a virus is unable to directly inhibit the activation and nuclear accumulation of IRF-3, one or more additional mechanisms can still inhibit the transcription of genes under the control of IRF-3 responsive elements. The mechanisms provide an opportunity for further studies to understand the complete interaction of HSV-1 with its host cell.
Although our studies show a situation in which HSV-1 completely blocks virus-induced IFN-␤ expression, it is nonetheless clear that IFN-␣/␤ play an important role in controlling HSV-1 infection in vivo (39) . Other infected cell types, such as plasmacytoid dendritic cells (33, 60) , may contribute to IFN-␣/␤ expression during in vivo infection by HSV-1. Thus, HSV-1 regulatory effects may be different in different cell types.
